This study establishes the recombinant expression system of MAF-1 (Musca domestica antifungal peptide-1) and demonstrates the antifungal activity of the expression product and shows the relationship between biological activity and structure. The gene segments on mature peptide part of MAF-1 were cloned, based on the primers designed according to the cDNA sequence of MAF-1. We constructed the recombinant prokaryotic expression plasmid using prokaryotic expression vector (pET-28a(+)) and converted it to the competent cell of BL21(DE3) to gain recombinant MAF-1 fusion protein with His tag sequence through purifying affinity chromatographic column of Ni-NTA. To conduct the Western Blotting test, recombinant MAF-1 fusion protein was used to produce the polyclonal antibody of rat. The antifungal activity of the expression product was detected using Candida albicans (ATCC10231) as the indicator. The MAF-1 recombinant fusion protein was purified to exhibit obvious antifungal activity, which lays the foundation for the further study of MAF-1 biological activity, the relationship between structure and function, as well as control of gene expression.
. In order to further establish the MAF-1 recombinant expression system and obtain active recombinant protein, the cDNA sequence of the clone of MAF-1 and the bioinformatics analysis results need to be verified. This can lay the foundation for the further study of MAF-1 biological activity, the relationship between structure and function and metabolic kinetics. It also will be helpful for producing artificial MAF-1 protein. However the low yield obtainable from in-vivo immune induction of insect antimicrobial peptides, procedures for extracting it from the organisms and exorbitant price of direct synthesis, all severely limited the developments and applications of the peptides [3] [4] [5] [6] . Genetic engineering expression is therefore the preferred approach for producing antimicrobial peptides. However antimicrobial peptide molecules are very small and will most likely be decomposed by protease. Meanwhile, because the expression product is harmful to the host bacteria, it usually can't be expressed in a pronucleus system and therefore eukaryotic or fusion expressions are generally employed. In recent years, successful fusion expressions of various antimicrobial peptides in prokaryotic cell have been reported [7] [8] [9] [10] [11] . The escherichia coli expression system with lucid genotypic milieu, high level gene expression, short cultivation period and easily purified tag protein, was the earliest and preferred expression system applied to antimicrobial peptides and heterologous proteins 12 .
The authors have applied it to the fusion expression of MAF-1 gene and His tag. Using this procedure the expression product, namely recombinant MAF-1 protein, carries a His tag, which reinforces stability and expedites purification of the recombinant protein [13] [14] [15] [16] [17] .
Results
Constructed MAF-1 gene expression vector. Taking the 3rd instars of Musca domestica larvae RNA as a template and amplifying the mature peptide fragment of MAF-1 (468 bp) through PCR, a distinctive stripe near visible 500 bp was identified (Fig. 1a) when 1% agarose gel electrophoresis was performed. The digestion products from the double digestion with EcoR I and Hind III to pET-28a(+ )-MAF-1 recombinant plasmid was analyzed with 1% AGE. It was shown that there is a clear stripe visible near 500 bp (Fig. 1b) , which was about the size of target gene. In addition, the sequencing report of the recombinant plasmid insertion sequence agrees with theoretical sequence, which shows successful establishment of recombinant plasmid. Analyzed with DNAman software it was shown that the recombinant MAF-1 protein sequence was a 156 N-terminals amino acid sequence of the MAF-1 mature peptide with an added 35 amino acid residue, which contained the His label sequence (Fig. 1c) . The secondary structure of recombinant MAF-1 fusion protein, analysed with SOPMA tools of ExPASy, demonstrated that the introduction of the His label retained the secondary structural nature of the MAF-1 mature peptide (Fig. 1d) .
MAF-1 recombinant protein expression.
The product of the pET-28a(+ ) -MAF-1 recombinant plasmid in Escherichia coli (BL21/DE, through induction at 37 °C 1 mmol/L IPTG, with 12% SDS-PAGE) was compared to pET-28a(+ ) no-load transformed bacteria and the induction group of recombinant plasmid transformed bacteria without IPTG. A clear expression stripe of protein was found near the molecular weight standard between 18.4 kD and 25.0 kD (the sum of MAF-1 mature peptide and His-tag molecular weight). Moreover, the supernatant of recombinant plasmid transformed bacteria after splitting contained soluble recombinant MAF-1 fusion protein and a lot of recombinant MAF-1 fusion protein expressions were found in the inclusion body (Fig. 2a) .
Using a His Bind Purification Kit a purified recombinant MAF-1 fusion protein (from body and bacteria fluid supernatant of pET-28a (+ )-MAF-1 recombinant plasmid transformed bacteria) could be completely eluted by an elution buffer solution containing 50 mM 100 mM imidazole (Fig. 2b) . After concentration and dialyzation of the eluent the concentration of albumen was measured as 0.401 mg/mL. As shown in the RP-HPLC image, a major absorbed peak was observed at 4 minutes (Fig. 2c) .
Western Blot identification of purified recombinant MAF-1 fusion protein showed that recombinant MAF-1 fusion protein could be recognized by prepared rat anti recombinant MAF-1 fusion protein immune serum. The molecular weight of developing band appeared in the expected position (Fig. 2d ).
MAF-1 fusion protein anti-fungal activity detection. Taking candida albicans (ATCC10231) as
the indicator, the antifungal activity of recombinant MAF-1 fusion protein after purification was detected by Micro liquid-bacterial colony notation. The images shown that 100 μ g/mL recombinant MAF-1 had the obvious antifungal activity. Compared with negative control group, the colony number of MAF-1 treatment group was significant decreased (Fig. 3 ).
Discussion
Antimicrobial peptides are the key components of the insect immune system. It is also an insect's first defense line in resisting invasion by pathogenic microorganisms. Anti-microbial peptides are widely distributed among different insects and the presence of these functional peptides varies from species to species [18] [19] [20] [21] [22] [23] . These peptides are heat-resistant and advantageously cause no damage to the cells of higher animals and hence these peptides have been regarded as new sources for antibacterial and antifungal agents. The antimicrobial peptides of musca are being extensively studied, but research reports on the isolation, purification, expression and cloning of antimicrobial peptides are rather scarce.
Genetic engineering has now become the most frequently used method of obtaining antimicrobial peptides due to the low content of antimicrobial peptides in insects and the difficulty and high cost of purification. Yuan et al. conducted research transferring Drosomycin gene to Escherichia coli, the result showing that the expression products possess antifungal effect 24 . Analyzing the Heliomicin gene, Lamberty et al. determined the sequence structure of the defensin insect family. The expression products from recombinant expression inside yeast maintained resistance to bacteria and fungal infection 25 . Kim et al. built an E.coli expression system of tenecin III, which makes mass production of recombinant tenecin III with anti C.albicans activity possible 26 . The prokaryotic expression of insect antifungal peptide gene and expressions in yeast has also been reported, the expression products all maintaining resistance to fungal growth [27] [28] [29] . The expression system of escherichia coli has the advantages of clear genotypic background, high level of target gene expression, short cultivation cycle and carrying easily purified tag proteins. It is the earliest expression system applied to express antimicrobial peptide. Using prokaryotic expression system to heterologously express antimicrobial peptides is now mature, however fusion proteins are usually used to enhance stability of antimicrobial peptides 30 . pET carrier series are a group of expression carriers used for protein or polypeptide high level expression and purification. The pET-28a (+ ) selected in this study can make heterologous gene and His tag fuse expression, which enables facile recombinant fusion protein purification and enhanced recombinant protein stability and immunogenicity.
In the process of purifying recombinant MAF-1 fusion protein (using the His·Bind Purification Kit) from the bacteria fluid supernatant of pET-28a(+ )-MAF-1 recombinant plasmid bacteria the recombinant protein did not remain on the column. At present, the usual reason that recombinant protein with added His tag does not remain on the column is that His tags do not ionize and can't be folded inside the protein or adhere to the protein itself. No chemical bond can be formed, the protein has no affinity with Ni, and cannot adsorb onto the column. Denaturant urea may break covalent bonds, ionic bonds, induce a hydrophobic effect, or affect the electrostatic interaction within or between protein molecule and make polypeptide chains extend 31 . In this study urea added to the bacteria fluid (to a final concentration of 1 M) allowed the recombinant fusion protein to adsorb onto the column. Collecting eluant to dialyze can not only eliminate the use of urea and re-nature proteins, but can also remove Ni ion from sample.
Exogenous proteins of high expression in E.coli cytoplasm, especially those from eucaryon, usually form insoluble polymers named inclusion bodies 32 . When expressions are recombined, inclusion bodies containing recombinant MAF-1 fusion protein are formed in bacteria fluid of transformed bacteria. In general, inclusion bodies are high in protein expression, but purification requires degeneration and renaturation. After urea treatment methods of protein renaturation were employed before column purification. Dialysis is used in the process of renaturation and the urea concentration in the sample can be decreased. Urea was also added to solute recombinant proteins in the supernatant bacterial fluid before column purification. The final urea concentration reaches 1 M during renaturation. In this way solute recombinant protein in the bacteria fluid of transformed bacteria and in recombinant protein in inclusion body was purified and recycled to increase yield of recombinant protein.
The result of the antifungal activity test shows that although the His tag of recombinant MAF-1 fusion protein N-terminal hasn't been removed, it is still provided with obvious antifungal activity at a concentration of 100 μ g/mL. This is also true for mature MAF-1 when the concentration is at 72.92 μ g/mL 1 . However further experimentation is needed in the comparison of antifungal activity between recombinant MAF-1 and mature MAF-1. This will involve the study of the antibacterial spectrum, minimum bactericidal concentration (MBC) and minimum inhibitory concentration (MIC) of recombinant MAF-1 fusion protein, and the determination of various factors influencing the antifungal activity. In this study, the expression and purification method of MAF-1 has been successfully established in prokaryotic cell and the recombinant MAF-1 fusion protein with antifungal activity has been obtained. This lays the foundation for further study on the biological activity of MAF-1, the relationship between structure and function, as well as control of gene expression.
Materials and Methods
Materials. The use of all material for this study was approved by the institutional review board of Guiyang Medical University, China. All following methods/experimental protocols were carried out in accordance with the approved guidelines of the Ethics committee of Guiyang Medical University, China.
PrimeScript ™ One
Step RT-PCR Kit, Ex Taq enzyme, EcoR I and Hind III restriction endonucleases, T4DNA ligase, dNTP Mixture, Primer STARTM HS DNA Polymerase, DNA Label DL2000 and 1 Kb DNA ladder were all purchased from TakaRa Company in Da Lian. A His Band Purification Kit was purchased from Novagen Company. Complete Freund's adjuvant and incomplete Freund's adjuvant were purchased from Sigma Company. Escherichia coli DH5α , BL21/DE3 and plasmid pET-28a(+ ) were obtained from Sun Yat-sen University and stored at the Pathogeny Biology Laboratory of GuiYang Medical University. Candida albicans(ATCC10231) was stored at our laboratory. The other reagents were available in our laboratory and were analytically pure.
Musca domesticals was laboratory bred. SD(Sprague Dawley), male, aged from 6 to 8 weeks, were purchased from the laboratory animal centre of GuiYang Medical University.
The primer was compounded by TakaRa Company in Da Lian. The forward primer is 5′ GGAATTCGAATCTGCCCCCGCCCCT GAGGT-3′ and the reverse primer is 5′ -CCCAAGCTTCTAGGCATGGGGCTTCATTTCCTTGGC -3′ .
Methods
Building the clone and expression vector of MAF-1 gene. The 3rd instar of Musca domestica larvae RNA was extracted and used as template for gene amplification. The PCR product was identified by AGE (agarose gel electrophoresis) and then recycled. Plasmid pET-28a(+ ) was extracted according to the manual of the plasmid extraction kit. Purified MAF-1 gene and plasmid pET-28a(+ ) were subjected to a EcoRI and HindIII double digestion separately. T4 NDA enzyme was connected and then converted to escherichia coli DH5α . The Recon was screened and sequence comparative analysis was completed. In order to obtain the engineering bacteria (BL21(DE3)/pET-28a(+ )-MAF-1) that expresses the MAF-1 fusion protein, the expression plasmid of the correctly sequenced result was converted to the competent cell of escherichia coli, BL21/DE.
Recombinating inducible expression of MAF-1 fusion protein in escherichia coli BL21/DE. A single colony of recombinant expression vector, BL21(DE3)/pET-28a(+ )-MAF-1 and control cell single colony containing an empty vector were inoculated in fluid mediums containing 100 μ g/mL kanamycin. It was shaken at 250 rpm for 8 hours at 37 °C and transferred at a ratio of 1:100. The transfer liquid was shaken at 37 °C and 250 rpm for cultivation until the OD 600 was 0.6. The IPTG was added to make the final concentration of solution 1 mmol/L, shaken at 37 °C and 250 rpm for 6 hours. Thalluses before and after induction were collected for a SDS-PAGE test and analysis.
Recombinating purification of MAF-1 fusion protein. Bacterial liquid collected from the inducible expression were used to collect thallus (4 °C, centrifuged at 8000 rpm for 20 min) and then re-suspended in Lysis buffer (50 mmol/L Tris·HCL pH 8.0, 1 mmol/L EDTA, 0.1 mol/L NaCl). The thallus was disrupted by ultrasound (160W, ultrasound for 1 sec at 2 sec intervals, for 3 min in total) and centrifuged (4 °C, 13000 rpm at 50 mM, 100 mM, 150 mM d for 20 min). The supernatant and precipitate collected separately and the bacterial liquid was submitted to a SDS-PAGE analysis. Supernatant and precipitate collected from thallus was purified separately according to the procedure of the fusion protein purification manual of His Tag Kit and was eluted at different imidazole concentration (50 mM, 100 mM, 150 mM) and the fractions collected separately. Then, the recombinant MAF-1 protein were filtered through a nitrocellulose membrane filter of 0.22 μ m pore size (Millipore), and the filtrate was analyzed using RP-HPLC on a Sephasyl C 18 column (Beckman, System Gold, USA, ODS 0.5 μ m, 0.46 × 25 cm). Absorbed material was eluted with a linear gradient of 0-80% solution B (0.1% trifluoroacetic acid in acetonitrile) in solution A (0.1% trifluoroacetic acid in Ultrapure water) over 40 min at a flow rate of 0.8 mL/min.
Preparing the rat anti recombinant MAF-1 fusion protein immune serum and western blotting. Recombinant MAF-1 protein was mixed with the same volume of complete Freund's adjuvant (a drop of emulsion won't diffuse after being dropped on water) 33 . The back and rear foot pad of SD rats were disinfected with iodine and injected with the emulsion (200 μ g per rat). After an interval of two weeks recombinant MAF-1 protein is mixed with the same volume of incomplete Freund's adjuvant and the rats were again immunized in the same way. Blood samples were gathered, from which the serum was separated and stored at − 20 °C, one week after the last immunization 34 . The recombinant fusion protein after purification was transferred to a PVDF membrane using SDS-PAGE. The western blotting was conducted with rat anti recombinant MAF-1 fusion protein immune serum being the first antibody and labeled Goat Anti-Rat (IgG) marked with horseradish peroxidase (HRP) being the second antibody. Color development was conducted with a DAB color development kit.
Detection of anti fungal activity of recombinant MAF-1 fusion protein.
In order to have the fungus in logarithmic growth phase, candida albicans(ATCC10231) was inoculated in sabouraud agar and incubated at 37 °C for 24 h. After that, 3 to 5 candida albicans colonies in logarithmic growth phase were suspended in 5 mL of sterile distilled water and the turbidity was adjusted to 0.5 Mc. Farland standard units, equivalent to 1 × 10 6 ~ 5 × 10 6 mycetocyte/mL. 50 L of 09 candida albicans fluid in the logarithmic phase was added to each well on a sterile well plate together with 50 L of the sample to be tested. Sterile distilled water was used as a negative control and fluconazole as a positive control. All were fully mixed and put to wet box at 37 °C for 24 h. Bacteria colonies were counted after 1 μ L of each sample was taken from each well and cross coated onto the surface of sabouraud agar and again put into an incubator at 37 °C for 24 h.
